Monoamine releasers constitute one class of candidate medications for the treatment of cocaine abuse, and concurrent cocaine-versus-food choice procedures are potentially valuable as experimental tools to evaluate the efficacy and safety of candidate medications. This study assessed the choice between cocaine and food by rhesus monkeys during treatment with five monoamine releasers that varied in selectivity to promote the release of dopamine and norepinephrine versus serotonin (5HT) [m-fluoroamphetamine, (+)-phenmetrazine, (+)-methamphetamine, napthylisopropylamine and (±)-fenfluramine]. Rhesus monkeys (n = 8) responded under a concurrent-choice schedule of food delivery (1-g pellets, fixed ratio 100 schedule) and cocaine injections (0-0.1 mg/kg/injection, fixed ratio 10 schedule). Cocaine choice dose-effect curves were determined daily during continuous 7-day treatment with saline or with each test compound dose. During saline treatment, cocaine maintained a dose-dependent increase in cocaine choice, and the highest cocaine doses (0.032-0.1 mg/kg/ injection) maintained almost exclusive cocaine choice. Efficacy of monoamine releasers to decrease cocaine choice corresponded to their pharmacological selectivity to release dopamine and norepinephrine versus 5HT. None of the releasers reduced cocaine choice or promoted reallocation of responding to food choice to the same extent as when saline was substituted for cocaine. These results extend the range of conditions across which dopamine and norepinephrineselective releasers have been shown to reduce cocaine self-administration.
Introduction
Drug self-administration procedures play a critical role in the preclinical evaluation of candidate medications for the treatment of drug abuse . Specifically, medications that safely decrease selfadministration of an abused drug in animals may have therapeutic value for treating abuse of that drug by humans. However, medication effects on drug selfadministration can be influenced by variables that include the schedule of reinforcement under which drug selfadministration is maintained (Arnold and Roberts, 1997; Negus and Banks, 2011) . Assessment of the range of schedules across which a candidate medication decreases drug self-administration may be useful for prediction of the range of conditions across which that medication might decrease drug use clinically.
Concurrent 'choice' schedules have emerged as one potentially useful family of procedures for assessment of candidate medication effects on drug self-administration (Griffiths et al., 1975; Woolverton and Balster, 1981; Czoty et al., 2005b; Bergman, 2008; Haney and Spealman, 2008; Thomsen et al., 2008; Negus and Banks, 2011) . Under these schedules, a target drug of abuse (e.g., cocaine) and an alternative reinforcer (e.g., food pellets in animals or money in humans) are simultaneously available under separate schedules of reinforcement, and subjects allocate their responding across the two schedules. There are three potential advantages for the use of concurrent schedules in medication development. First, these procedures generate measures of behavioral allocation in addition to measures of behavioral rate. These two dependent measures in turn permit dissociation of selective medication effects on relative reinforcing effects of the selfadministered drug (reflected by changes in allocation) from nonselective medication effects on motor or cognitive competence (reflected by changes in rate; Negus and Banks, 2011) . Second, drug abuse typically occurs in environments that also include other commodities, and drug abuse treatment seeks not only to reduce drug-taking behavior but also to promote reallocation of behavior to activities maintained by more adaptive reinforcers (Vocci, 2007) . Concurrent choice procedures provide an explicit, albeit simplified, model of this environmental context, and thereby permit assessment of the degree to which candidate medications can promote reallocation of drugtaking behavior. Finally, preclinical human laboratory studies provide a key step in drug development between animal studies and clinical trials, and human laboratory research increasingly relies on concurrent schedules to assess effects of candidate medications on choice between a target drug of abuse and an alternative nondrug reinforcer (e.g., money or vouchers; Haney and Spealman, 2008) . The parallel use of concurrent schedules in animal and human laboratory studies may facilitate animal-to-human translation of results at this critical juncture in drug development.
The purpose of the present study was to examine the effects of monoamine releasers that ranged in selectivity for promoting dopamine/norepinephrine versus serotonin (5HT) release in an assay of cocaine versus food choice in rhesus monkeys. Monoamine releasers constitute one class of compounds under consideration as candidate medications for the treatment of cocaine dependence (Grabowski et al., 2004; Rothman et al., 2005) . For example, maintenance on the dopamine/norepinephrine-selective releaser amphetamine safely decreased cocaine use in a controlled clinical trial (Grabowski et al., 2001) . Similarly, in preclinical laboratory studies using concurrent choice procedures, amphetamine maintenance decreased cocaine choice and increased choice of an alternative reinforcer in both humans and rhesus monkeys (Negus, 2003; Greenwald et al., 2010; Rush et al., 2010) . Monoamine releasers with lower pharmacological selectivity compared with amphetamine to release dopamine/norepinephrine versus 5HT are of interest because they produce fewer abuse-related effects than amphetamine (Wee et al., 2005; Kimmel et al., 2009) . Previous studies have compared the effects of amphetamine and a series of other releasers on responding for cocaine and food under a multiple, second-order schedule of sequential cocaine and food availability in rhesus monkeys (Negus and Mello, 2003b; Rothman et al., 2005; Negus et al., 2007 Negus et al., , 2009 . Under these conditions, the behavioral selectivity of monoamine releasers to decrease cocaine-maintained versus food-maintained responding varied as a function of pharmacological selectivity to release dopamine/norepinephrine versus 5HT. The greatest behavioral selectivity was achieved with the releasers phenmetrazine and methamphetamine, which have 37-fold to 40-fold selectivity for releasing dopamine versus 5HT and retain significant abuse liability. Releasers with more prominent serotonergic effects and lower abuse liability failed to produce selective decreases in cocainemaintained versus food-maintained responding.
The present study was designed to evaluate the degree to which these effects obtained under a multiple secondorder schedule would extend to a concurrent choice schedule of cocaine and food availability. We hypothesized that dopamine/norepinephrine-selective releasers that selectively decreased cocaine-maintained versus foodmaintained responding under the multiple schedule would reduce cocaine choice and increase food choice under the choice schedule. Conversely, nonselective or 5HT-selective releasers that produced nonselective reductions in both cocaine-maintained and food-maintained responding under the multiple schedule were predicted to have no effect on cocaine versus food choice up to doses that decreased overall rates of responding. The effects of removing cocaine or food availability were also examined for comparison with effects of monoamine releasers.
Methods

Subjects
Studies were conducted in eight adult male rhesus monkeys (Macaca mulatta) that had been surgically implanted with double-lumen catheters using aseptic procedures as described previously (Negus, 2003) . Monkeys were fed a diet of fresh fruit and food biscuits (Lab Diet Monkey Biscuits, PMI Feeds, Inc., St. Louis, Missouri, USA) provided in the afternoon after the operant session to maintain body weight. Food deprivation protocols were not used. In addition, monkeys could receive up to 50 1 g of banana-flavored pellets (Grainbased Precision Primate Pellets, Test Diets, Richmond, Illinois, USA) during daily experimental sessions (see below). Water was continuously available. A 12-h lightdark cycle was in effect (lights on from 07.00 to 19.00 h). Three monkeys had exposure to the cocaine-versus-food choice procedure and treatment with monoaminergic and/or opioid test compounds (unpublished results); two monkeys had prior cocaine and methadone self-administration histories, and three monkeys were experimentally naïve at the start of these studies. The facility was licensed by both the USA Department of Agriculture and the Association for Assessment and Accreditation of Laboratory Animal Care, and protocols were approved by the Institutional Animal Care and Use Committee.
Apparatus and catheter maintenance
Experimental sessions were conducted in each monkey's home cage. The front wall was equipped with an operant response panel that included three square response keys arranged horizontally. Each housing chamber was also equipped with a pellet dispenser (Med Associates Inc., Model ENV-203-1000, St. Albans, Vermont, USA) and two syringe pumps (Model PHM-108, Med Associates Inc.), one for each lumen of the double-lumen catheter. One syringe pump (the 'self-administration pump') was used to deliver self-administered cocaine injections through one lumen of the double-lumen catheter. The second syringe pump (the 'treatment pump') was used to deliver saline or test compounds through the second lumen of the catheter. This second pump was programmed to deliver 0.1-ml infusions every 20 min from 12 : 30 h each day until 12 : 00 h the next afternoon. Operation of the operant response panels and data collection were accomplished with microprocessors and software (Med Associates Inc.) The intravenous catheter was protected by a tether and jacket system (Lomir Biomedical, Malone, New York, USA) that permitted monkeys to move freely in the cage. Catheter patency was periodically evaluated by intravenous administration of ketamine (5 mg/kg) through the catheter lumen and after each drug treatment that produced a rightward shift in the cocaine choice curve. The catheter was considered to be patent if intravenous administration of ketamine produced a loss of muscle tone within 10 s.
Behavioral procedures Baseline procedures
Choice sessions were conducted 7 days a week during 2-h daily sessions from 10.00 to 12.00 h, as described previously (Negus, 2003) . The terminal choice schedule consisted of five 20-min components separated by 5-min time-out periods. During each component, the left, foodassociated key was illuminated with red stimulus lights, and completion of the fixed ratio (FR) requirement resulted in the delivery of a food pellet. The right, cocaine-associated key was illuminated with green stimulus lights, and completion of the FR requirement on this key resulted in the delivery of a cocaine dose. A different cocaine dose was available during each of the five successive components (0, 0.0032, 0.01, 0.032, and 0.1 mg/kg/injection during components 1-5, respectively), and dose was varied by changing the resulting volume (0, 0.01, 0.03, 0.1, and 0.3 ml/injection, respectively) of each injection. Stimulus conditions on the drugassociated key were also varied by flashing the stimulus lights on and off in 3-s cycles (component 1: 0-s on, 3-s off; component 2: 0.1-s on, 2.9-s off; component 3: 0.3-s on, 2.7-s off; component 4: 1-s on, 2-s off; and component 5: 3-s on, 0-s off). Thus, longer flashes (and shorter interflash intervals) were associated with higher cocaine doses. The response requirements were set at FR100 on the food-associated key and FR10 on the cocaine-associated key for all monkeys, because our previous studies indicated that, under these response requirements, monkeys usually switched from the food-associated key to the drug-associated key during the fourth response period when an intermediate unit dose of 0.032 mg/kg/injection of cocaine was available (Negus, 2003) . Consequently, with the procedures used in this study, it was possible to observe both leftward and rightward shifts in the cocaine choice doseeffect curves that might result from manipulation of experimental variables.
During each component, monkeys could complete up to 10 total ratio requirements on the food-associated and cocaine-associated keys. Responding on either key reset the ratio requirement on the other key. Completion of each ratio requirement initiated a 30-s time-out, during which all stimulus lights were turned off, and responding had no scheduled consequences. If all 10 ratio requirements were completed before the 20-min component had elapsed, all stimulus lights were extinguished and responding had no scheduled consequences for the rest of that component. Choice behavior was considered to be stable when the lowest cocaine dose maintaining at least 80% cocaine choice varied by 0.5 log units or less for 3 consecutive days.
Testing procedures
Once cocaine choice was stable as defined above, testing began. The monoamine releasers were selected for study on the basis of their previously reported in-vitro range of functional selectivities to release dopamine/norepinephrine versus 5HT and their behavioral effects in rhesus monkeys responding for cocaine and food under a multiple, second-order schedule (Negus et al., 2007 . Specifically, the in-vitro functional selectivities to release dopamine/norepinephrine versus 5HT (expressed as the ratio of IC50 to release 5HT/IC50 to release dopamine) were as follows: m-fluoroamphetamine (a.k.a. PAL-353; 80), (+)-phenmetrazine (40), (+)-methamphetamine (37), napthylisopropylamine (a.k.a. PAL-287; 0.27) and (±)-fenfluramine (< 0.0079; note that potencies to release dopamine and norepinephrine were similar for each compound, with slightly higher potencies to release norepinephrine than dopamine). Each dose of each drug was tested for a period of 7 consecutive days. The infusion rate for the test drug administered by the treatment pump was identical to that used in our previous studies with these compounds (Negus, 2003; Negus et al., 2007 Negus et al., , 2009 ). The dose ranges for each test drug were as follows: m-fluoroamphetamine (0.032-0.32 mg/kg/h), (+)-phenmetrazine (0.032-0.32mg/kg/h), (+)-methamphetamine (0.032-0.1 mg/kg/h), napthylisopropylamine (0.032-1.0 mg/kg/h), and (±)-fenfluramine (0.1-0.32 mg/kg/h). At the conclusion of each test period, a saline control treatment period was reinstated for at least 4 days until cocaine choice returned to pretest levels and was stable as defined above. The effects of each test drug on cocaine choice were evaluated in groups of four monkeys. In general, all doses of one test drug were tested in a given monkey before initiation of studies with another test drug. Both, the sequence of drug doses and the sequence of drugs, were mixed across monkeys.
In a second set of experiments, availability of either cocaine or food was temporarily removed to establish boundary conditions for comparison with the effects of the test drugs. More specifically, these conditions were studied to examine effects of the extreme case, wherein reinforcing consequences associated with either cocaine or food choice were eliminated. To remove cocaine availability, the cocaine solution was replaced with saline in the 'self-administration' pump for 7 days so that all other stimuli, including intravenous injections, were the same under both conditions. To remove food availability, food pellets were removed from the pellet dispenser so that all other stimuli, including the sound of the pellet dispenser motor, were the same under both conditions. At the end of each 7-day test period, standard conditions of cocaine and food availability were reinstated until choice behavior recovered to baseline levels.
Drugs
Cocaine HCl and (+)-methamphetamine HCl were provided by the National Institute on Drug Abuse Drug Supply Program (Bethesda, Maryland, USA). m-fluoroamphetamine hemifumarate, (+)-phenmetrazine fumarate, and napthylisopropylamine fumarate (also known as PAL-287; Rothman et al., 2005; Negus et al., 2007) were provided by BE Blough (Research Triangle Institute, Research Triangle Park, North Carolina, USA). (±)-Fenfluramine HCl was purchased from Sigma-Aldrich (St. Louis, Missouri, USA). All drugs were dissolved in sterile water, and all solutions were filter-sterilized using a 0.22-mm Millipore filter (Millipore Corporation, Billerica, Massachusetts, USA). Drug doses were calculated using the salt forms listed above.
Data analysis
The primary dependent variables for each component were (a) percent cocaine choice, defined as (number of choices completed on the cocaine-associated key/total number of choices completed on both the cocaineassociated and food-associated keys)*100, and (b) total number of choices completed, as obtained from the last 3 days of each 7-day treatment period. These variables were then plotted as a function of cocaine dose. Cocaine choice dose-effect curves were analyzed using a two-way repeated-measures analysis of variance (ANOVA), with cocaine dose and treatment dose as the main factors. A significant ANOVA was followed by the Dunnett multiple comparisons post-hoc test to compare test conditions with baseline conditions. The ED 50 value of the cocaine choice dose-effect curve was defined as the dose of cocaine that produced 50% cocaine choice. ED 50 values were calculated by interpolation when only two data points were available (one below and one above 50% cocaine choice) or by linear regression when at least three data points were available on the linear portion of the dose-effect curve. Log ED 50 values were calculated for each monkey during (a) the last 3 'baseline' days before introduction of each treatment manipulation and (b) the last 3 days of each 7-day treatment period. In cases in which log ED 50 values could not be determined because cocaine choice was greater or less than 50% for all cocaine doses, conservative estimates of the cocainechoice ED 50 were determined by assuming 100% cocaine choice at the next higher half-log dose (0.32 mg/kg/ injection) or 0% cocaine choice at the next lower half-log dose (0.001 mg/kg/injection). Additional dependent variables collected during each session included total choices, total food choices, total cocaine choices, and total cocaine intake. Values were compared by repeated-measures onefactor ANOVA, with treatment condition as a withinsubject factor. A significant ANOVA was followed by the Dunnett multiple comparisons post-hoc test to compare test conditions with baseline conditions. The criterion for significance was set a priori at the 95% level of confidence (P < 0.05).
Results
Baseline choice between food and cocaine
During saline treatment, monkeys responded primarily for food when low cocaine doses were available (0-0.01 mg/kg/injection) and primarily for cocaine when higher cocaine doses were available (0.032-0.1 mg/kg/ injection; Figures 1-6 , upper left panels, open circles). The baseline cocaine choice ED 50 value is shown in Table 1 . The value shown in Table 1 is the mean of all baseline determinations for each treatment condition and then averaged across all treatment conditions. These baseline data were averaged for analysis because baseline ED 50 values were stable across all determinations. Specifically, baseline (± standard error of the mean) cocaine choice ED 50 values (mg/kg/injection) were 0.017 (0.016-0.019) before m-fluoroamphetamine, 0.015 (0.013-0.017) before phenmetrazine, 0.015 (0.013-0.018) before methamphetamine, 0.016 (0.013-0.019) before napthylisopropylamine, 0.019 (0.015-0.023) before fenfluramine, and 0.017 (0.015-0.019) before removing cocaine and food availability. The number of choices completed per component is also shown in Figs 1-6 (upper right panels, open circles). Table 1 Mean cocaine choice ED 50 value in mg/kg/injection (95% confidence limits) under baseline (saline) conditions and during 7-day treatment with m-fluoroamphetamine, (+)-phenmetrazine, (+)-methamphetamine, napthylisopropylamine, and (±)-fenfluramine, or during removal of cocaine or food availability 0.003 (0.002-0.004)* a Mean ED 50 value was estimated in one monkey because cocaine choice did not exceed 50% at any cocaine dose and treatment eliminated all responding in another monkey. b Mean ED 50 value could not be determined because cocaine choice was 100% for some components and eliminated responding during other components of the choice session in one monkey. c Mean ED 50 value was estimated because cocaine choice did not exceed 50% in one monkey and was not lower than 50% in another monkey at any cocaine dose. d Mean ED 50 value could not be determined because treatment eliminated responding in one monkey. e ED 50 value based on doses associated with prevailing discriminative stimuli. *Significantly different from baseline as defined by nonoverlapping 95% confidence limits. Figure 1 (upper left panel) shows that m-fluoroamphetamine produced a dose-dependent rightward shift in the cocaine choice dose-effect curve, with the lowest dose (0.032 mg/kg/h) producing a significant increase in the cocaine choice ED 50 value ( Table 1) . The intermediate (0.1 mg/kg/h) dose increased the cocaine choice ED 50 value in three of the four monkeys but decreased the cocaine choice ED 50 value in the fourth animal (see Fig. 7 for individual cocaine choice ED 50 values for each treatment condition). Furthermore, the highest dose also produced an increase in the cocaine choice ED 50 value in three of the four monkeys but eliminated responding in the fourth monkey ( Fig. 7) . (Table 1; Fig. 7 ). The highest dose (0.32 mg/kg/h) increased the cocaine choice ED 50 value in three monkeys; however, in the fourth monkey during treatment with 0.32 mg/kg/h phenmetrazine, responding was eliminated during availability of low cocaine doses (0-0.01 mg/kg/injection), and 100% cocaine choice was observed during availability of higher cocaine doses (0.032-0.1 mg/kg/injection). Repeated-measures two-way ANOVA demonstrated a significant effect of cocaine dose [F(4,12) = 52.2, P < 0.001], no significant effect of phenmetrazine treatment, and a significant cocaine dose and phenmetrazine treatment interaction [F(12,33) = 2.3, P < 0.05]. Post-hoc analysis revealed that treatment with all phenmetrazine doses significantly decreased choice of the 0.032 mg/kg/injection of cocaine dose. Figure 2 (lower left panel) also shows the number of total, food, and cocaine choices completed during the session. Repeated-measures one-way ANOVA demonstrated a significant main effect of phenmetrazine treatment on cocaine [F(3,9) = 7.2, P < 0.01] and total choices [F(3,9) = 6.3, P < 0.05] but not on food choices. Post-hoc analysis revealed that treatment with 0.32 mg/kg/h phenmetrazine significantly (P < 0.05) decreased both total and cocaine choices compared with baseline. For cocaine intake (lower right panel), repeated-measures one-way ANOVA demonstrated a significant main effect of phenmetrazine treatment [F(3,9) = 18.1, P < 0.001], and posthoc analysis revealed that treatment with 0.032 mg/kg/h and 0.32 mg/kg/h phenmetrazine significantly decreased cocaine intake compared with baseline. Figure 3 (upper left panel) shows that methamphetamine did not significantly alter the cocaine choice dose-effect curve or cocaine ED 50 values (Table 1 ). There were also individual differences in methamphetamine effects on cocaine choice, with two monkeys displaying dosedependent rightward shifts in the cocaine choice curve and increases in cocaine choice ED 50 values and two monkeys displaying dose-dependent leftward shifts in the cocaine choice curve and decreases in cocaine choice ED 50 values (Fig. 7) . Repeated-measures two-way ANOVA demonstrated a significant effect of cocaine dose [F(4,12) = 29.8, P < 0.001], no significant effect of methamphetamine treatment, and a significant cocaine dose and methamphetamine treatment interaction [F(12,36) = 3.2, P < 0.01]. Post-hoc analysis revealed that treatment with 0.1 mg/kg/h methamphetamine significantly decreased the choice of the 0.032 mg/kg/injection of cocaine dose. Figure 3 (lower left panel) also shows the number of total, food, and cocaine choices completed during the session. Repeatedmeasures one-way ANOVA demonstrated a significant main effect of methamphetamine treatment on total choices [F(3,9) = 5.7, P < 0.05] but not on cocaine or food choices. Post-hoc analysis revealed that treatment with 0.1 mg/kg/h methamphetamine significantly (P < 0.05) decreased total choices compared with baseline. For cocaine intake (lower right panel), repeated-measures one-way ANOVA demonstrated a significant main effect of methamphetamine treatment [F(3,9) = 4.8, P < 0.05], and post-hoc analysis revealed that treatment with 0.1 mg/kg/h methamphetamine significantly decreased cocaine intake. Effects of continuous 7-day treatment with naphthylisopropylamine (0.1-1.0 mg/kg/h) on choice between cocaine and food. Other details as in Fig. 1 , except that 1.0 mg/kg/h napthylisopropylamine was tested in only three monkeys. Effects of napthylisopropylamine treatment on cocaine choice Figure 4 (upper left panel) shows that napthylisopropylamine did not significantly alter the cocaine choice doseeffect curve or cocaine ED 50 values (Table 1, Fig. 7) . Repeated-measures two-way ANOVA revealed a significant effect of cocaine dose [F(4,4) = 667.0, P < 0.001], but no significant effect of napthylisopropylamine treatment and no significant cocaine dose and napthylisopropylamine treatment interaction. Figure 4 (lower left panel) also shows the number of total, food, and cocaine choices completed during the session. Repeated-measures oneway ANOVAs demonstrated no significant main effect of napthylisopropylamine treatment on total, food, or cocaine choices. For cocaine intake (lower right panel), repeated-measures one-way ANOVA demonstrated no significant main effect of napthylisopropylamine treatment. Higher doses of napthylisopropylamine were not tested because the highest dose of 1.0 mg/kg/h produced robust rate-decreasing effects and overt sedation in two monkeys.
Effects of methamphetamine treatment on cocaine choice
Effects of fenfluramine treatment on cocaine choice Figure 5 (upper left panel) shows that fenfluramine did not significantly alter the cocaine choice dose-effect curve or cocaine ED 50 values (Table 1 ; Fig. 7) . Repeatedmeasures two-way ANOVA revealed a significant effect of cocaine dose [F(4,12) = 28.9, P < 0.00\1] but no significant effect of fenfluramine treatment and no significant cocaine dose and fenfluramine treatment interaction. Figure 5 (lower left panel) also shows the number of total, food, and cocaine choices completed during the session. Repeated-measures one-way ANOVAs demonstrated no significant main effect of fenfluramine treatment on total, food, or cocaine choices. For cocaine intake (lower right panel), repeated measures one-way ANOVA demonstrated no significant main effect of fenfluramine treatment. Higher doses of fenfluramine were not tested because the highest dose of 0.32 mg/kg/h produced robust rate-decreasing effects in two monkeys. Figure 6 (upper panels) shows that removing cocaine availability decreased choice of cocaine-associated stimuli, whereas removing food availability increased cocaine choice, producing a leftward shift in the cocaine choice dose-effect curve and a significant decrease in the cocaine ED 50 value (Table 1) . Removing food availability also decreased the number of choices completed during the first two components of test sessions, when no food and little or no cocaine (0.0032 mg/kg/injection) were available. Repeated-measures two-way ANOVA revealed a significant effect of cocaine dose [F(4,12) = 57.1, P < 0.001] and environmental manipulation [F(2,6) = 44.5, P < 0.001] and a significant cocaine dose and environmental manipulation interaction [F(8,23) = 10.0, P < 0.001]. Post-hoc analysis revealed that removing cocaine availability significantly decreased choice of the 0.032 and 0.1 mg/kg/injection of cocaine doses, and removing food availability significantly increased choice of the 0.0032 and 0.1 mg/kg/injection of cocaine doses. Figure 6 (bottom left panel) shows the number of total, food, and cocaine choices completed during the session. Repeated-measures one-way ANOVAs demonstrated a significant main effect of treatment condition on total choices [F(2,6) = 24.0, P < 0.01], cocaine choices [F(2,6) = 26.7, P < 0.01], and food choices [F(2,6) = 89.6, P < 0.001]. Post-hoc analysis revealed that removing cocaine availability significantly decreased choice of cocaine-associated stimuli and significantly increased food choices, with no significant effect on total choices. In contrast, removing food availability significantly decreased total choices and choice of food-associated stimuli while producing a significant increase in cocaine choices.
Effects of removing cocaine or food availability
Effects of continuous monoamine releaser treatment on total, food, and cocaine choices
Because of the individual differences observed during monoamine releaser treatment, we examined the effects of each monoamine releaser on total, food, and cocaine choices on the basis of efficacy to produce a rightward shift in the cocaine choice dose-effect curve, rather than drug dose as in Figures 1-5 . Specifically, drug doses were selected on the basis of individual results as the highest dose that produced a rightward shift in the cocaine choice dose-effect curve without producing more than a 20% decrease in the total number of choices compared with baseline ( Fig. 8 ). This criterion for total choices was to select treatment doses that did not disrupt overall responding and may be representative of a potential side-effect. If no dose produced a rightward shift in the cocaine choice dose-effect curve in an individual monkey, the highest dose that did not produce more than a 20% decreasing in total choices was selected. For m-fluoroamphetamine, the doses represented are 0.032 mg/kg/h (n = 1), 0.1 mg/kg/h (n = 2), and 0.32 mg/kg/h (n = 1). For phenmetrazine, the doses represented are 0.032 mg/kg/h (n = 2), 0.1 mg/kg/h (n = 1), and 0.32 mg/kg/h (n = 1). For methamphetamine, the doses represented are 0.032 mg/kg/h (n = 2) and 0.056 mg/kg/h (n = 2). For napthylisopropylamine, the doses represented are 0.032 mg/kg/h (n = 1) and 0.32 mg/kg/h (n = 3). For fenfluramine, the doses represented are 0.1 mg/kg/h (n = 2) and 0.32 mg/kg/h (n = 2). Paired t-tests were conducted to compare each treatment with baseline conditions within each experimental endpoint. Removing cocaine availability significantly increased the number of food choices. Treatment with m-fluoroamphetamine and phenmetrazine trended (P = 0.09) toward a significant increase in food choices. The number of cocaine choices was significantly reduced by removing cocaine availability and by treatment with m-fluoroamphetamine and phenmetrazine. Methamphetamine, napthylisopropylamine, and fenfluramine did not significantly alter either food or cocaine choices. 
Discussion
The present study compared effects of a range of monoamine releasers on choice between cocaine and food by rhesus monkeys. There were three main findings. First, efficacy to decrease cocaine choice correlated with pharmacological selectivity to release dopamine/norepinephrine versus 5HT. Thus, continuous 7-day treatment with the dopamine/norepinephrine-selective monoamine releasers m-fluoroamphetamine and (+)-phenmetrazine produced significant decreases in cocaine choice and trended toward a reciprocal increase in food choice in rhesus monkeys. Conversely, compounds with lower selectivity to release dopamine/norepinephrine versus 5HT (methamphetamine, napthylisopropylamine, fenfluramine) produced only nonselective decreases in responding without significantly affecting the allocation of choice between cocaine and food. Second, none of the monoamine releasers produced as robust a reallocation of behavior as when substituting saline for cocaine. These findings suggest that even the most effective monoamine releasers did not eliminate the reinforcing effects of cocaine. Finally, there was concordance between effects of most drugs in the present study, which used a concurrent choice schedule of cocaine and food availability, and effects of the same drugs in previous studies that used a multiple, second-order schedule of sequential cocaine and food availability (Negus et al., 2007 ). However, the efficacies of phenmetrazine and methamphetamine to reduce cocaine choice were less than were predicted on the basis of their selectivities to reduce cocaine-maintained versus food-maintained responding under the multiple schedule. These findings suggest that schedule conditions may influence medication effects on cocaine self-administration in preclinical studies and that caution should be exerted in extrapolating from results using any one schedule.
Baseline cocaine choice and effects of reinforcer magnitude
Consistent with numerous studies from our laboratory and others using nonhuman primates, cocaine maintained a dose-dependent increase in choice of cocaine versus food (Nader and Woolverton, 1992; Negus, 2003; Czoty et al., 2005a; Bergman, 2008; Banks and Negus, 2010) . The impact of reinforcer magnitude on drug versus food choice in the present study was also examined by eliminating food or cocaine delivery while retaining presentation of the food-or cocaine-associated stimuli.
As expected, elimination of food delivery produced a leftward shift in the cocaine choice dose-effect curve and a greater than five-fold increase in the potency of cocaine to maintain responding on the cocaine-associated key. In contrast, eliminating cocaine delivery decreased cocaineassociated choice and increased food choice. These results confirm the sensitivity of the procedure to experimental manipulations that alter the consequences of responding on the cocaine-associated and foodassociated keys and provide a framework for interpreting the effects of monoamine releasers.
Effects of monoamine releasers on choice between cocaine and food
The present study evaluated cocaine versus food choice during maintenance on monoamine releasers selected to represent points along a continuum of dopamine/ norepinephrine selectivity to 5HT selectivity, and the efficacy of these releasers to decrease cocaine choice correlated with their pharmacological selectivity to release dopamine/norepinephrine versus 5HT. These results confirm and extend previous findings that maintenance on dopamine/norepinephrine-selective monoamine releasers decreases cocaine self-administration across a broad range of conditions. For example, treatment with the highly dopamine/norepinephrine-selective releaser d-amphetamine for periods ranging from 3 to 28 consecutive days produced selective and sustained decreases in cocaine self-administration under concurrent choice and other schedules of reinforcement in rodents, nonhuman primates, and humans Negus, 2003; Negus and Mello, 2003a,b; Chiodo et al., 2008; Czoty et al., 2010; Greenwald et al., 2010; Rush et al., 2010) . These preclinical results with d-amphetamine agree with clinical evidence for the efficacy of amphetamine treatment to reduce cocaine use in placebo-controlled, doubleblind clinical trials (Grabowski et al., 2001) . Together, these preclinical and clinical findings have been interpreted to suggest that maintenance on dopamine/norepinephrine-selective monoamine releasers may selectively decrease the reinforcing effects of cocaine and be useful in treating cocaine abuse (Herin et al., 2010) . However, in the present study, even the highly selective dopamine/ norepinephrine-selective releaser m-fluoroamphetamine failed to reduce cocaine choice and increase food choice to the same degree as eliminating cocaine availability. This suggests that maintenance on monoamine releaser up to doses that produce nonselective behavioral disruption may reduce but not eliminate the reinforcing effects of cocaine.
A particular focus of the present study was the degree to which monoamine releaser effects on cocaine self-administration under the present concurrent schedule of cocaine and food availability might correspond to effects reported previously on cocaine self-administration maintained in rhesus monkeys under a multiple schedule of sequential cocaine and food availability (Negus et al., 2007 ). In particular, we hypothesized that medication efficacy to decrease cocaine versus food choice under the concurrent schedule would be predicted by medication selectivity to decrease cocaine-maintained versus food-maintained responding under the multiple schedule. This hypothesis was supported only for releasers at the extremes of the continuum from dopamine/norepinephrine selectivity to 5HT selectivity. For example, 7-day treatment with the dopamine/norepinephrine-selective releaser m-fluoroamphetamine (a.k.a. PAL-353; 0.032-0.32 mg/kg/h) produced dose-dependent and relatively selective decreases in cocaine-maintained versus food-maintained responses under the multiple schedule, and these same doses of m-fluoroamphetamine dose dependently decreased cocaine versus food choice in the present study. Conversely, the nonselective dopamine/norepinephrine/ 5HT releaser napthylisopropylamine (a.k.a. PAL-287, 0.1-1.0 mg/kg/h) and the 5HT-selective releaser fenfluramine (0.1-1.0 mg/kg/h) produced nonselective decreases in cocaine-maintained versus food-maintained responses under the multiple schedule and also decreased overall responding without modifying cocaine choice under the choice schedule. Other manipulations have also produced concordant results across these two schedules of cocaine self-administration. For example, both removal of cocaine availability (Negus et al., 1995) and treatment with amphetamine (Negus, 2003; Negus and Mello, 2003b) selectively decreased cocaine self-administration under the multiple schedule and also decreased cocaine choice under the concurrent schedule. Conversely, treatment with the m-opioid receptor agonist methadone nonselectively decreased cocaine-maintained versus food-maintained responding under the multiple schedule and also decreased overall responding without affecting cocaine choice under the concurrent schedule (Negus and Mello, 2004) .
In comparison with results with the treatments described above, the effects of phenmetrazine and methamphetamine were less concordant across schedules of cocaine self-administration. Under the multiple schedule, phenmetrazine and methamphetamine produced more selective reductions in cocaine-maintained versus foodmaintained responding than did any other releaser tested, including m-fluoroamphetamine and amphetamine (Negus and Mello, 2003b; Negus et al., 2007 Negus et al., , 2009 . However, in the present study, phenmetrazine was no more effective than m-fluoroamphetamine in decreasing cocaine choice, and methamphetamine dose dependently decreased cocaine choice in two monkeys but increased cocaine choice in two other monkeys. Thus, the efficacy of these releasers to reduce cocaine versus food choice under the concurrent schedule was less than might have been expected from their selectivity to reduce cocainemaintained versus food-maintained responding under the multiple schedule. Discrepant effects across the concurrent and multiple schedules have also been reported for other treatments. For example, the k-opioid receptor agonist U50488 and the dopamine receptor antagonist flupenthixol produced marginally selective decreases in cocaine self-administration maintained under the multiple schedule of cocaine-maintained and food-maintained responding, but both compounds increased cocaine versus food choice under the concurrent schedule (Negus et al., , 1997 Negus, 2003 Negus, , 2004 . Taken together, these results argue against the hypothesis that medication effects on cocaine versus food choice under this concurrent schedule can be reliably predicted from medication effects on sequential cocaine-maintained versus food-maintained responding under the multiple schedule. More generally, these results support the view that medication effects on responding for drug and nondrug reinforcers may be determined in part by the schedules of reinforcement.
Implications for medication development
Preclinical assays of drug self-administration provide one experimental tool used to assess candidate medications for the treatment of drug abuse , and concurrent schedules such as the one used in this study may be advantageous for reasons discussed in the Introduction. However, the ultimate utility of these procedures in medication development will depend in part on their utility for predicting medication effects on cocaine self-administration by humans. Translational predictions of this sort are complicated by a host of factors that include the potential for differences in schedules of cocaine delivery between preclinical studies, human laboratory studies, and human clinical trials. Nonetheless, translational data do exist for some classes of compounds that suggest some predictive validity of medication effects in preclinical choice procedures. For example, as noted above, amphetamine maintenance decreased cocaine versus food choice by rhesus monkeys (Negus, 2003) , cocaine versus money choice in human laboratory studies (Greenwald et al., 2010; Rush et al., 2010) , and cocaine use by cocaine-dependent humans in clinical trials (Grabowski et al., 2001) . Conversely, maintenance on k-opioid agonists or dopamine receptor antagonists increased cocaine versus food choice by rhesus monkeys (Woolverton and Balster, 1981; Negus, 2003 Negus, , 2004 , tended toward an increase in cocaine versus money choice in human laboratory studies (Evans et al., 2001; Haney et al., 2001; Walsh et al., 2001) , and either increased cocaine use or worsened treatment retention in clinical trials (Grabowski et al., 2000; Haney and Spealman, 2008) . Of the drugs examined in the present study, only methamphetamine has been evaluated for its effects on cocaine use by humans (Mooney et al., 2009) . In this controlled clinical trial, sustained-release methamphetamine decreased cocaine use and craving in eight of 25 patients who completed the trial; however, methamphetamine treatment did not improve treatment compliance relative to placebo, and most patients either violated the treatment protocol (8/25) or were lost to follow-up (9/25). This clinical variability in response to methamphetamine may be related to the individual variability in responses to methamphetamine reported in this study, wherein methamphetamine reduced cocaine choice by two subjects but increased cocaine choice in two other subjects. Further research will be required to assess the degree of predictive validity afforded by preclinical choice procedures, and determinants of individual variability in the valence and magnitude of medication effects also warrant further study.
